A direct analysis method combining an iminodiacetate extraction disk (IED) with graphite furnace atomic absorption spectrometry was developed for the determination of Co, Ni, Cu, Cd, Sn, Pb, and Bi at sub-ppb levels in water. A 100 mL water sample was adjusted to pH 5.6 with nitric acid and a 1 mol·L -1 ammonium acetate solution, and then passed through an IED (diameter, 47 mm; effective filtering diameter, 35 mm) at a flow rate of 80 -100 mL·min -1 to preconcentrate seven analytes. The IED was dried at 100˚C for 20 min in an electric oven, and 110 -145 small disks, each 2 mm in diameter, were punched out from the IED. A small disk was introduced into the graphite furnace and atomized according to a heating program. For Cd, Sn, Pb, and Bi measurements, Pd was used as a chemical modifier to enhance the absorbances. Calibration was performed using aqueous standard solutions. The detection limits, corresponding to three times the standard deviation (n = 5) of the blank values, were 0.092 μg·L -1 for Co, 0.12 μg·L -1 for Ni, 0.40 μg·L
Introduction
Some heavy metals are considered to be essential trace elements for the human body because they act as catalysts in enzymatic reactions and are deeply involved in the metabolism of glucose and lipids. In contrast, other heavy metals have higher toxicity and carcinogenicity. Therefore, it is important to determine the heavy metal content of environmental samples.
Instrumental sensitivity is not always sufficient for the determination of heavy metals in water because their concentrations are generally at sub-ppb levels. Therefore, it is necessary to combine a preconcentration technique with an instrumental analysis method, such as atomic absorption spectrometry (AAS), inductively coupled plasma atomic emission spectrometry (ICP-AES), and inductively coupled plasma mass spectrometry (ICP-MS), for the determination of heavy metals in water.
Solid-phase extraction (SPE) has recently become popular for separation and/or preconcentration [1] . In particular, disk-type SPE has been widely used to preconcentrate a large-volume water sample (e.g., 100 -1000 mL) for inorganic [2] [3] [4] [5] [6] and organic [7] [8] [9] [10] [11] analyses because it offers higher flow rates than column-type SPE owing to its large cross-sectional area. Iminodiacetate Extraction Disks (IEDs) are useful for the preconcentration of trace metals in water because of their high selectivity for heavy metals. Kuriyama et al. [12] and Ouyang et al. [13] reported a method for the determination of Al, Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb in water by ICP-AES with an IED. A 1000-mL water sample (pH 5.6 -5.8) was passed through an IED at a flow rate of 100 -150 mL·min -1 to preconcentrate the nine analytes, and these analytes were eluted from the IED with 9 -10 mL of 3 mol·L -1 nitric acid. The eluate was then diluted to 10 -20 mL with purified water or distilled water. Lee et al. [14] also reported a method for the determination of V, Mn, Co, Ni, Cu, Mo, Cd, and U in water by ICP-MS with an IED. However, the elution step may give rise to a negative error owing to incomplete elution of the analytes from the IED. Therefore, direct analysis of analytes in the IED is necessary to avoid analyte loss.
Several direct analysis methods combining an IED with Laser-Induced Breakdown Spectroscopy (LIBS) [15, 16] or X-ray fluorescence (XRF) spectrometry [17, 18] have been reported for the determination of heavy metals in water. Direct introduction/AAS [19] is also attractive. However, a method combining IED with direct introduction/AAS has not yet been developed for the determination of heavy metals in water. Furthermore, it is difficult to introduce an IED directly into the furnace because a commercially available IED is 47 mm in diameter. This problem can be solved by adopting a punching technique before AAS analysis [20] [21] [22] [23] .
The present investigation concerns a further application of direct introduction/AAS to determine heavy metals at sub-ppb levels in water. This method involves preconcentration of Co, Ni, Cu, Cd, Sn, Pb, and Bi with an IED. Furthermore, the discussion is extended to elemental mapping, the size of the small disk, the atomization conditions, and the calibration curves and detection limits. The detection limits of the proposed method are also compared with those reported in the literature [12-15, 17,18] . The proposed method was successfully applied for the determination of the seven analytes in tap water, rainwater, river water, and mineral drinking water.
Experimental

Apparatus
A ZEEnit 60 atomic absorption spectrometer (Analytik Jena AG, Jena, Germany) was used in conjunction with Hitachi hollow-cathode lamps, a transversely heated graphite atomizer, and an SSA 61Z solid sampling system (Analytik Jena AG). The Zeeman effect was employed for background correction under two-field mode (0.8 T magnetic field strength) conditions. Pure argon (99.995%) was used as the carrier gas during drying and pyrolysis, except during atomization, where the gas flow was stopped. Atomization was conducted in Solid Sampling (SS) graphite tubes (Analytik Jena AG, Part No. 407-152.013) with SS graphite platforms (Analytik Jena AG, Part No. 407-152.023). The integrated absorbance (peak area) was used exclusively for signal evaluation and quantification. The instrumental conditions are given in Table 1 .
A micro energy-dispersive XRF (μ-EDXRF) spectrometer (Rigaku Corp., Tokyo, Japan) was used for elemental mapping of the IED to confirm the homogeneities of the analytes on it.
Aqueous samples were injected into the SS platform using an Eppendorf Model Reference-4800 pipette (10 μL fixed volume, Eppendorf, Hamburg, Germany).
A Demi-Ace Model-15 deionizer (Kurita Water Industries, Tokyo, Japan) was used to prepare deionized water. An HM-30V pH meter (DKK-TOA, Tokyo, Japan) was used for pH control of the sample solution. An FS-320 electric oven (Advantec Toyo Kaisha, Tokyo, Japan) was used to dry the IED.
Reagents and Samples
Stock standard solutions (1000 mg·L -1 ) of Co, Ni, Cu, Cd, Sn, Pb, and Bi were purchased from Junsei Chemical (Tokyo, Japan). Calibrating standard solutions of Co, Ni, Cu, Cd, Sn, Pb, and Bi were prepared by accurate dilution of the respective stock standard solutions. A 1000 mg·L -1 Pd stock standard solution for AAS (analyticalreagent grade, Wako Pure Chemical, Osaka, Japan) was used as a chemical modifier.
An IED (3M Empore TM extraction disk, 47 mm diameter, 0.5 mm thickness, 3M, St. Paul, MN) was used throughout the study.
Tap water samples were obtained from Kawasaki and Fujisawa, Kanagawa, Japan. Rainwater was sampled at Kawasaki, Kanagawa, Japan. River water was sampled from the Tamagawa River, Okutama, Tokyo, Japan. Bottled mineral drinking water samples were brought from Kawasaki, Kanagawa, Japan. Water samples were filtered through a glass-fiber filter (GMF 150, 1.0 μm pore size, 47 mm diameter, 0.73 mm thickness, Whatman, Kent, England) and analyzed immediately using the proposed method.
Procedure
An IED (diameter, 47 mm; effective filtering diameter, 35 mm) was soaked with methanol and then conditioned successively with 20 mL of 3 mol·L -1 nitric acid, 100 mL of deionized water, and 50 mL of 0.1 mol·L -1 ammonium [12] [13] [14] 18] with nitric acid and a 1 mol·L -1 ammonium acetate solution because the carboxylate groups in the iminodiacetic acid are negatively charged at a pH of greater than 5, and the IED functions as a cation exchanger or metal chelator when the pH approaches neutral. After pH adjustment, the 100-mL water sample was passed through the IED at a flow rate of 80 -100 mL·min -1 [18] to preconcentrate Co, Ni, Cu, Cd, Sn, Pb, and Bi. The IED was subsequently washed with 20 mL of deionized water. It was then dried at 100˚C for 20 min in the electric oven, and 110 -145 small disks, each 2 mm in diameter, were punched out from the IED.
A small disk was placed on the SS platform with a wooden toothpick and introduced into the graphite furnace. For the Cd, Sn, Pb, and Bi measurements, suitable amounts of Pd were added before introduction into the furnace. The specimen was dried, pyrolyzed, and atomized according to the heating program described below ( Table 2) . Calibration was performed using the aqueous standards, which were pipetted manually onto the SS platform, introduced into the graphite furnace, and analyzed under the same atomization conditions. Calibration curves for the seven analytes were built by plotting the integrated absorbance versus the amount. The analyte concentrations in water were calculated using the following equation:
where C (μg·L -1 ) is the analyte concentration in water, A (ng) is the absolute amount of analyte on the small disk obtained from the calibration curve, S IED is the effective filtration area of the IED (962 mm 2 ), S small disk is the area of the small disk (3.14 mm 2 ), and V (mL) is the sample volume.
Results and Discussion
Elemental Mapping
The analytes on the IED should have a homogeneous distribution because the analyte concentrations in water are based on the area ratio of the IED and the small disk (Equation (1)). The homogeneities of the analytes on the IED were evaluated using elemental mapping of the fluorescent X-ray intensities. For XRF measurements, it is necessary to preconcentrate the analytes to a high density on the IED before they break through. In this experiment, therefore, a 100-mL deionized water sample (pH 5.6) containing 1 mg each of Co, Ni, Cu, Cd, Sn, Pb, and Bi was passed through the conditioned IED at a flow rate of 1 mL·min -1 . The IED was then dried at 100˚C for 20 min in the electric oven, coated with a commercially available laminate film to prevent damage to the IED by X-ray irradiation [6, 18] , and measured using μ-EDXRF spectrometer. The mapping conditions were 100 points (1 mm diameter) in 18 × 18 mm 2 of the scanning area. As an example, elemental mapping images of Cu, Cd, and Pb on the IED are shown in Figure 1 . Each X-ray intensity varied slightly, and the relative standard deviations (RSDs) (n = 100) of the X-ray intensities were 1.8% for Co Kα, 2.1% for Ni Kα, 2.0% for Cu Kα, 3.3% for Cd Kα, 4.1% for Sn Kα, 2.1% for Pb Lβ, and 3.4% for Bi Lα. The results (i.e., RSDs of less than 5%) indicate that the analytes are homogeneously distributed on the IED. Consequently, the analyte concentrations in water can be determined using Equation (1).
Size of Small Disks
We next investigated the size of the small disks from the IED introduced into the furnace. When the IED was punched with three different sizes of hole punch (1, 2, and 3 mm diameter), the sample masses were 0.26, 1.20, and 3.18 mg, respectively. Considering the sample mass (typically 1 mg) in direct introduction/AAS [19] , we decided to use the 2-mm-diameter hole punch for this study. In addition, 372 small disks, each 2 mm in diameter, were punched out from the IED and then weighed directly on the SS platforms. The average mass of the small disks was 1.29 mg, and the RSD (n = 372) of the mass was 7.4%. In fact, it is possible to conduct repeated measurements of the analytes because 110 -145 small disks, each 2 mm in diameter, could be prepared from the effective filtration area of an IED. Furthermore, by preserving small disks containing known amounts of the analytes in a desiccator, equipment calibration can also be performed using them. 
Atomization Conditions
Our laboratory has successfully applied the direct introduction/AAS method to a variety of inorganic materials, such as carbonate rocks [24] , silicate rocks [25] , quartz and rock crystals [26] , zirconia [27] , silicon nitride and silicon carbide [28] , human and artificial teeth [29] , and soils [30] . If the pyrolysis temperature is insufficient for the decomposition of an IED comprising 90% poly(styrenedivinylbenzene) copolymer functionalized with an iminodiacetic acid group and 10% polytetrafluoroethylene, extremely high background absorption caused by the evolution of smoke may be observed during the atomization step. Therefore, a pyrolysis temperature of 800˚C (60 s) was adopted to remove the organic matrix before atomization. In contrast, the analytes were atomized at the temperatures recommended by the manufacturer. When the analytes (Co, Ni, Cu, Cd, Sn, Pb, and Bi) on a small disk (2 mm diameter) from the IED were atomized under the above-mentioned conditions, the absorbancetime profiles of only Pb and Bi showed double peaks consisting of a large first peak and a small second peak, as shown in Figure 2(a) . In contrast, when a palladium nitrate solution was added to the small disk as a chemical modifier for the elements of the 13 -16 groups [31] before it was introduced into the furnace, the absorbance-time profiles of Pb and Bi showed a single broad peak, as shown in Figure 2(b) . The results suggest that the first peak may be due to vaporization of the analyte element, and the second peak may be attributable to condensation and revaporization of the analyte element. The reason is that the double peaks could be eliminated by the addition of Pd, which prevents the evaporation of elements of the 13 -16 groups by forming a thermally stable compound (i.e., a solid solution and/or intermetallic compound). A comparison of the absorbance-time profiles of Pb and Bi reveals that the Bi signal was almost the same as the background signal. The overlap of the background signal with the Bi signal did not become a serious problem because background correction was carried out using the Zeeman effect instead of continuum sources (mainly deuterium lamp) throughout the study [32] . In addition, Cd, Sn, Pb, and Bi may evaporate during pyrolysis because these analytes are volatile. Palladium is also effective in preventing evaporation of Cd [33, 34] . Therefore, the effect of the amount of Pd on the integrated absorbances of Cd, Sn, Pb, and Bi was investigated. Figure 3 shows the variation in the integrated absorbances of Cd, Sn, Pb, and Bi on the small disk with the amount of Pd. The integrated absorbances of Sn, Pb, and Bi increased with an increase in the amount of Pd and leveled off above 0.25 μg for Pb and 2 μg for Sn and Bi. In contrast, the integrated absorbance of Cd increased remarkably up to 4 μg.
The atomization conditions for the determination of Co, Ni, Cu, Cd, Sn, Pb, and Bi are given in Table 2 .
Calibration Curves and Detection Limits
In direct introduction/AAS, calibration is performed using solid standards or aqueous standards [19] . Because solid standards are more expensive, it is preferable to use aqueous standards for calibration. However, the difference in matrices between the solid and liquid forms may cause different atomization processes. Therefore, we prepared calibration curves (Figure 4) for Co, Ni, Cu, Cd, Sn, Pb, and Bi by using two series of calibrating standards consisting of the analytes in a small disk (2 mm diameter) from the IED and an aqueous standard under the proposed atomization conditions ( Table 2 ). The calibration curves established using both standards showed good linearity at less than 3 ng for Co, Ni, and Cu; 0.5 ng aqueous standard, indicating that the aqueous standard can be used to determine the seven analytes on the small disk. The detection limits, corresponding to three times the standard deviation (n = 5) of the blank values, were 0.030 ng for Co, 0.038 ng for Ni, 0.13 ng for Cu, 0.025 ng for Cd, 0.30 ng for Sn, 0.20 ng for Pb, and 0.26 ng for Bi. When an enrichment factor of 140, calculated by dividing the sample volume (ca. 100 g) by the mass of an IED (ca. 0.7 g), was achieved using a 100-mL water sample, the detection limits were 0.092 μg·L -1 for Co, 0.12 μg·L
for Ni, 0.40 μg·L -1 for Cu, 0.077 μg·L -1 for Cd, 0.92 μg·L -1 for Sn, 0.61 μg·L -1 for Pb, and 0.80 μg·L -1 for Bi. Table 3 compares the detection limits of the proposed method with those obtained by combining an IED with ICP-AES [12, 13] , ICP-MS [14] , LIBS [15] , or XRF spectrometry [17, 18] for the determination of heavy metals in water. The detection limits of the proposed method are lower than those of LIBS and comparable to those of XRF spectrometry. However, although the detection limits are higher than those of ICP-AES and ICP-MS, which involve an elution step, at least sub-ppb levels of heavy metals in water can be determined directly without an elution step by using the proposed method.
Application to Water Samples
We first investigated the repeatability of the proposed method using 100 mL synthetic mixtures of 6 μg·L -1 Co, 9 μg·L -1 Ni, 9 μg·L -1 Cu, 0.9 μg·L -1 Cd, 15 μg·L -1 Sn, 15 μg·L -1 Pb, and 6 μg·L -1 Bi. The RSDs for five measurements were 4.4% for Co, 3.2% for Ni, 5.0% for Cu, 6.2% for Cd, 4.7% for Sn, 5.1% for Pb, and 4.8% for Bi. Next the proposed method was applied to the determination of Co, Ni, Cu, Cd, Sn, Pb, and Bi in tap water, rainwater, river water, and mineral drinking water. Calibrations were performed using a suite of standard solutions, and the analyte concentrations in the water samples were calculated using Equation (1) . The accuracy of the analytical values was evaluated by a spike test for the seven analytes in 100-mL water samples. The results of the spike test are given in Table 4 . The recoveries for the seven analytes in the water samples were satisfactory (93% -108%). The good recoveries indicate that the proposed method is useful for for Cd; 10 ng for Sn and Bi; and 20 ng for Pb. A decrease in the integrated absorbance was also observed for all the analytes except for Pb as a result of the Lorentz pressure effect. Furthermore, the slopes of the calibration curves for the small disk were almost identical to those for the Sample volume: 100 mL. * Below the detection limit.
the determination of heavy metals at sub-ppb levels in water.
Conclusion
A direct analysis method combining IED with graphite furnace AAS was proposed for the determination of Co, Ni, Cu, Cd, Sn, Pb, and Bi at sub-ppb levels in water. An IED was used to preconcentrate the seven analytes. The seven analytes could be determined without an elution step by directly introducing a small disk (2 mm diameter) from the IED into the furnace. The slopes of the calibration curves established using the small disk agreed well with those established using an aqueous standard, which indicated that calibration against aqueous standards is feasible. When an enrichment factor of 140 was obtained using a 100-mL water sample, the detection limits were 0.092 μg·L -1 for Co, 0.12 μg·L -1 for Ni, 0.40 μg·L -1 for Cu, 0.077 μg·L -1 for Cd, 0.92 μg·L -1 for Sn, 0.61 μg·L -1 for Pb, and 0.80 μg·L -1 for Bi. A spike test for the seven analytes in tap water, rainwater, river water, and mineral drinking water showed quantitative recoveries (93% -108%).
